Canine parvovirus (CPV) can productively infect canine and feline cell lines whereas feline panleukopenia virus (FPV) is restricted to the latter. The major determinants of tropism are two amino acids in the sequence shared by the capsid proteins, VP1 and VP2. We have shown that a rodent parvovirus-derived transducing genome, containing the luciferase reporter, can be packaged by VP1 and VP2 from separate helper sources. Canine A72 cells and feline CFK cells were transduced with recombinant virions generated using VP1 and VP2 combinations from CPV and FPV. Both VP1 and VP2 were necessary for production of transducing virions. Efficient transduction of A72 cells required VP2 of CPV. Therefore, the capsid determinants of tropism for CPV and FPV are in VP2, although a source of VP1 is also necessary to produce infectious particles. The results extend similar observations on the tropic determinants of different strains of minute virus of mice.
Canine parvovirus (CPV) can productively infect canine and feline cell lines whereas feline panleukopenia virus (FPV) is restricted to the latter. The major determinants of tropism are two amino acids in the sequence shared by the capsid proteins, VP1 and VP2. We have shown that a rodent parvovirus-derived transducing genome, containing the luciferase reporter, can be packaged by VP1 and VP2 from separate helper sources. Canine A72 cells and feline CFK cells were transduced with recombinant virions generated using VP1 and VP2 combinations from CPV and FPV. Both VP1 and VP2 were necessary for production of transducing virions. Efficient transduction of A72 cells required VP2 of CPV. Therefore, the capsid determinants of tropism for CPV and FPV are in VP2, although a source of VP1 is also necessary to produce infectious particles. The results extend similar observations on the tropic determinants of different strains of minute virus of mice.
The feline group of autonomous parvoviruses includes feline panleukopenia virus (FPV) and canine parvovirus (CPV), which have greater than 98 % sequence identity but a distinct host range (Truyen et al., 1992) . In cell culture, CPV productively infects both canine and feline cell lines whereas FPV is restricted to feline cells. Studies with CPV-FPV recombinant genomes have shown that the canine host range is determined by the sequence between map units 59 and 73, within the overlapping coding sequence for VP1 and VP2 (Parrish & Carmichael, 1986) . Site-directed mutagenesis has implicated amino acids 93 and 323 (numbered from the N terminus of VP2) as the major determinants of host range .
We previously described the production of transducing recombinant virions derived from the rodent parvovirus LuIII, Author for correspondence : Ian Maxwell.
Fax j1 303 315 8272. e-mail Ian. Maxwell!uchsc.edu with substitution of reporter genes for the viral coding sequences . The recombinant genome could be packaged by capsid proteins either from LuIII or from related parvoviruses, including CPV or FPV (Maxwell et al., 1993 b ; Spitzer et al., 1996) . In particular, packaging of the recombinant with capsid proteins supplied by a CPV helper, but not by a FPV helper, conferred the ability to transduce canine A72 cells efficiently (Spitzer et al., 1996) . By packaging a heterologous genome the results confirmed that the tropic determinants for CPV and FPV were specified by the capsid and direct involvement of the encoding DNA was excluded.
The capsids of CPV and FPV are composed of 60 capsomers, which consist of VP1 (" 15 % of the mass of the capsid) and VP2 (Tsao et al., 1991 ; Agbandje et al., 1993) . These proteins are translated from alternately spliced transcripts from the P38 promoter. However, since the amino acid residues that determine tropism are present in both VP1 and VP2, this function might be mediated by either protein.
Knowledge of which protein is involved would help to clarify their roles in establishing infection. Here, we have investigated this question using the recombinant LuIII system with helpers supplying either CPV-or FPV-related VP1 and VP2 proteins, in various combinations.
The structures of the transducing genome, in plasmid pGLuP38LUC2 (Spitzer et al., 1996) , and of the capsid expression plasmids are shown in Fig. 1 (A) . pGLuP38LUC2 retains the complete coding sequence for the NS proteins and can express the NS1 protein required for DNA amplification and P38 transactivation. Therefore, only a VP expression plasmid is necessary for recombinant virus production from pGLuP38LUC2 in transfected cells.
The capsid protein expression plasmids, pC-VP and pF-VP (Spitzer et al., 1996) , contain the P38 promoter and capsid coding sequences of CPV and FPV, respectively. These plasmids, which express both VP1 and VP2, are replicationdefective owing to deletion of one or both terminal palindromes and " 0n8-1n0 kb of the NS protein coding region. pC-VP was derived from the CPV non-haemagglutinating mutant BI307 (Parrish et al., 1988 ; Barbis et al., 1992) . Plasmids expressing VP1 (pC-VP1 and pF-VP1) were constructed by PCR site-directed mutagenesis (Innis et al., 1990) and of pC-VP and pF-VP, which were used to derive constructs for expressing CPV or FPV capsid proteins VP1 or VP2 separately. For VP1, this was achieved by deleting the appropriate intron (as shown in Fig. 1 B) ; for VP2, the HindIII site was filled in so as to abort translation of VP1. Black bars indicate parvovirus terminal palindromes (not drawn to scale). P38, the parvoviral promoter located at 38 map units in the wild type genome. D1, D2 and A indicate the alternative splice donor sites and the acceptor site which generate the mRNAs encoding VP1 (D2-A splice) and VP2 (D1-A splice). An, polyadenylation signal. (B) PCR mutagenesis scheme used to derive VP1 expression plasmids. The four-digit numbers refer to nucleotide position in the CPV sequence (Parrish et al., 1988 ; GenBank accession no. M38245).
including the sequence of the D2-A splice (Carlson et al., 1985) so as to delete the corresponding intron, as illustrated in Fig.  1 (B) . Sequence analysis confirmed that the authentic VP1 sequence including the D2-A splice had been generated for both the CPV and the FPV constructs. Plasmids capable of expressing only VP2 (pC-VP2 and pF-VP2) were made by JCG introducing a frameshift in the VP1 unique coding region of pC-VP and pF-VP, by filling in at a HindIII site (nt 2488). Standard cloning and purification methods were employed. Plasmids containing the transducing genomes were propagated in Escherichia coli strain SURE (Stratagene) and helper plasmids were grown in strain HB101.
Recombinant viruses were generated as described (Maxwell et al., 1993 a, b) by cotransfection of the NB324K line of SV40 transformed human newborn kidney cells (Shein & Enders, 1962) . Samples of cell suspension (" 1n0i10(cells\ml) were electroporated with pGLuP38LUC2 (25 µg\ml), together with either pC-VP (50 µg\ml), pF-VP (50 µg\ml) or a pair of plasmids separately expressing VP1 and VP2 (plasmid concentrations 10 µg\ml and 50 µg\ml, respectively). Transducing virus was harvested 3-4 days after electroporation by combining the culture medium with an extract of the cells made by freezing and thawing three times. After low-speed centrifugation, the resulting viral supernatants were stored at k20 mC.
Transducing activity of the recombinant viruses was determined (Maxwell et al., 1993 a, b) by assaying luciferase expression following infection of the recipient cells [Crandell feline kidney (CFK) (Crandell et al., 1973) and A72 canine fibroma (Binn et al., 1980) ]. CFK or A72 cells were grown in Opti-MEM (GIBCO) with 3n8 % foetal bovine serum to " 30 % confluence, were infected, and luciferase activity was measured in extracts of these cells prepared at " 48 h postinfection, using 10 s integration, with an Analytical Luminescence luminometer (de Wet et al., 1987 ; Maxwell & Maxwell, 1988) .
Initial experiments confirmed that both VP1 and VP2 were required for generation of transducing virions. Thus, none of the VP1 or VP2 expression plasmids, when transfected singly with pGLuP38LUC2, generated significant transducing activity (results not shown). However, the VP2 helper constructs, in the absence of VP1, did give rise to packaged GLuP38LUC2 DNA (detected by PCR with luciferase-specific primers ; not shown), in agreement with previous findings that VP2 (but not VP1) of mouse minute virus (MVM) is capable of efficient capsid formation and packaging of DNA into (noninfectious) virions (Tullis et al., 1993 ; Willwand & Hirt, 1993 ; Maxwell et al., 1995) .
Virions containing different combinations of VP1 and VP2, expressed from the corresponding CPV-or FPV-derived helper plasmids, were then tested for transducing activity in canine and feline recipient cells. The results are summarized in Fig. 2 . The first point to note is that reasonably efficient transduction of the nonrestrictive CFK cells was obtained with all helper combinations, whether homologous or heterologous. In these recipient cells, the source of VP1 made little difference, although there was some effect of the source of VP2. Thus, VP2 from CPV generated significantly less transducing activity for CFK recipients than did VP2 provided by FPV, in agreement with previous observations (Spitzer et al., 1996) . A converse effect of the source of VP2 was observed in transduction of A72 canine cells. In these cells, virions generated with FPV-derived VP2 showed greatly reduced activity (see Fig. 2 ). Further, although C-VP1 in combination with F-VP2 produced virions capable of transducing CFK cells with high efficiency, the activity of this combination in the canine recipient cells was only very low (Fig. 2, last column) . Therefore, we conclude that C-VP2 is necessary for efficient transduction of canine A72 cells. This result extends our previous finding that VP2 is also the essential capsid protein for presentation of the fibrotropic determinant of MVM (Maxwell et al., 1995) .
It is also of interest that there appeared to be a negative effect of F-VP1 on the transducing activity of the F-VP1\C-VP2 combination. The activity with these virions was reduced approximately 2-fold in CFK cells and approximately 9-fold in A72 cells, in comparison with the C-VP1\C-VP2 homologous combination. Nevertheless, this activity in A72 cells remained 10-to 20-fold higher than was seen with the F-VP2 combinations. Perhaps some feature of F-VP1 contributes to a decreased virion infectivity or stability when in combination with C-VP2.
VP1 and VP2 of canine parvovirus differ in primary sequence only by the unique N-terminal region of VP1 (Tsao et al., 1991) . The observation that VP1 is required for infectivity implies an essential function for this region. This is unlikely to lie in presentation of tropic determinants since our results clearly show that VP2 is the primary functional carrier of these determinants.
